Background: Tomato crop is the first vegetable crop in Egypt; it covers about 3% of Egypt's total planted area. The tomato leaf miner Tuta absoluta is a polyphagous insect pest which feeds on several solanaceous plant species and preferentially on tomato causing high losses in productivity. This study aims to predict the annual generations and expected times for moth emergence in order to select the best time for the pest management. Methods: Specimens of T. absoluta were collected from infested tomato field and reared under controlled temperatures to calculate the thermal requirements for development and completing the whole generation. The duration of different developmental stages of this insect and the life table parameters were estimated. The data were used to calculate the thermal constant and developmental zero for different developmental stages using the formula of Jasic (Bihemoslov 72:383-390, 1975) y ¼ n ðt−xÞ.
Introduction
Egyptian agriculture is characterized by production of many exported vegetable crops such as tomato. The annual production of this crop in Egypt is 9,204,097 tons from about 9000 ha of the cultivated area (Moussa et al. 2013) . So it is considered as the 5 th largest producer in the world.
Due to the shortage and regeneration of its cultivations, more than once during the year, it represents the main host plant to different insect species affecting crop quality and productivity such as the tomato leaf miner Tuta absoluta. This pest infests Solanaceous crops mainly tomato, potato, pepper, and eggplant in all developmental stages. The females deposited their eggs on all parts of the host plants: leaves, leaf neck, stem, sepals and especially fruits besides mining their leaves. After egg hatching, the larvae penetrate tomato leaves and feed on the leaf parenchyma tissues forming irregular mines that get longer and wider as the larvae continue to feed which can affect plant photosynthetic capability causing high loss of productivity. Investigations to evaluate the effect of climatic variables on T. absoluta are important to provide comprehensive data on its demographic parameters allowing for better design and timing of management strategies against this pest on tomato crop.
The present study aims to predict T. absoluta annual generations and expected times for moth frequency in the field under current and expected future climate changes by using the relationship between the accumulated thermal units expressed as degree days (DDs) and its population fluctuation in the experimental area.
Material and methods
A colony of T. absoluta was reared with larvae collected from infested tomato cultivations in Al Ayyat, Giza, for three generations according to Salama et al. (2014) . Salama et al. (2015) studied the durations of different developmental stages of this insect and the life table parameters were estimated in the experimental farm affiliated to the laboratory. Follow-up of eggs deposited by the adult hatching to larvae and then to pupae was estimated, and also the larval and pupal durations were determined. These data were used to calculate the thermal constant and thermal threshold or developmental zero for different developmental stages using the formula of Jasic (1975) .
where y is the thermal constant (total average temperature required for the development of each stage), x is the thermal threshold, and n is the average duration for the development of the stage at temperature t.
The meteorological data have been documented for estimation of the degree day's units, and daily temperature records were obtained from the Central Laboratory for Agricultural Climate (CLAC).
Since the emergence of moth will indicate the beginning of a new generation, the complete development of the larval stage to give normal pupae and its duration will be the main target of this study.
To present clear investigations on the role of mathematical calculations in the prediction of annual generations of the tomato leaf miner Tuta absoluta on tomato cultivations in Egypt, three different governorates, namely, Giza, Qena, and Merssa-Matrouh, were selected to apply the formula of Jasic (1975) as mentioned above. The selection of these governorates depended on variation in the climatic conditions where Qena governorate is known as one of the best Egyptian governorates in production of tomato and also because of its location in Upper Egypt, the average temperature around the year was high compared with other regions. While, Merssa-Matrouh governorate is a coastal city, so the average temperature was low around the year compared with other locations in Egypt. Also, T. absoluta was recorded firstly in Merssa-Matrouh governorate in 2009 and then it reached to other locations in Egypt in 2010. So it seems to be important to discuss and calculate the number and the expected frequencies of annual generations of T. absoluta in this governorate. Table 1 indicate that the pupal duration of T. absoluta was 17.95 ± 1.05 days at 15.32°C and decreased to 8.45 ± 1.3 days when the temperature decreased to 26.03°C. The calculated value of developmental zero (x) was 5.79°C while the thermal constant (y) was 171 degree days.
Results

Data presented in
From these data, the expected frequencies of the adult emergence and the number of annual generations of the pest in the field can be determined in any locality in Egypt using the formula of Jasic (1975) . The thermal constant and developmental zero of the generations of T. absoluta in three different governorates, Giza, Qena, and Merssa-Matrouh, were determined in this study.
From the data given in Table 1 , it appears that the cycles for the insect emergence occur throughout the year and that determination of the pupal development at any time represents the expected time for the moth emergence.
Analyses of the data clearly indicate that the first cycle of adult emergence extended through 20.82 days in February. The second cycle began in the remaining 8.18 days of February to give 39.3% of adult emergence. This cycle extended through the first 9.98 days in the 
Expected frequencies of annual generations of Tuta absoluta in the Egyptian fields
The thermal constant represents heat units required to complete the insect development for one generation. To determine the rate of annual generation development of the insect, the formula was applied as follows:
So with insects reared at 26.03°C, the duration of generation was 38.49 days.
While with insects reared at 15.32°C, the duration of generation was 79.5 days.
So the calculation values were 5.268°C for developmental zero and 799.1 DDs for the thermal constant. So this formula has been applied to determine the thermal constant (y) and developmental zero (x) of the generations of T. absoluta in Giza, Qena, and Merssa-Matrouh depending on variation in climatic conditions in these governorates.
In Giza governorate
Studies on the female moth of T. absoluta showed that the heats required to complete life cycle per day and then per month in Giza governorate in 2012 were calculated as mentioned above and reported in Table 2 .
Data in Table 2 indicate that when the developmental zero (x) was 5.268°C and thermal constant (y) was 799. To determine the rate of generation development, the formulas of Jasic (1975) was applied as follows:
Rate of generation development (G) = no. of days per month (n) × [temperature (t) − developmental zero (x)]/ thermal constant (y). So to determine the expected rate of annual generation development of the insect in the field, it is assumed that the duration of each cycle throughout the year is correlated with the thermal constant (y) of the adult moth which amounts to 799.1 DDs. So calculations take into consideration that the accumulation of heat units started on the 1 February 2012. From the data given in Table 3 , it appears that the cycles for the insect occur throughout the year and that determination of one generation development at any time represents the expected time for the moth emergence.
Analysis of the data clearly indicates that the expected time of the first generation was 11.66 in April 2012. This cycle passed through the remaining 18.34 days of April where the rate of generation development was 0.4; this cycle extends through the first 22.63 days in the following month (May) to attain 0.59 of the generation and to complete the 2 nd generation cycle in 22.63 of May 2012. Again, the 3 rd cycle extended through remaining 8.37 days within the same month where the rate of the 3 rd generation development was about 0.22 and then extended through the first 26.5 days of June where the rate was 0.78 to complete the 3 rd generation in the day 26.5 of June 2012.
This phenomenon was continued until the end of January 2013, when the 8 th generation cycle was detected after 28.2 days of January 2013. From the data given in Table 5 , it appears that the cycles for the insect occur throughout the year and that determination of one generation development at any time represents the expected time for the moth emergence. Analysis of the data presented in Table 5 indicates that the expected time of the first generation occurred on the day 30.59 of March 2012. The second cycle passed through the remaining 0.41 day of March where the rate of generation development was 0.01. This cycle extended through April and the first 5.18 days in the following month (May) to attain 0.17 of generation and to complete the 2 nd generation cycle in the day 5.18 of May 2012. Again, the 3 rd cycle extended through the remaining 25.82 days within the same month where the rate of the 3 rd generation development was about 0.84 and then extended through the first 4.59 days of June where the rate of development was 0.16 to complete the 3 rd generation in the day 4.59 of June 2012. This phenomenon was continued until the end of December 2012, when the 9 th generation cycle was detected after 24.43 days of this month. The accumulated heat units (thermal constant) required to complete the last generation did not reach to 799.1 DDs during January 2013 since it was 414.65 DDs, so the last generation was not complete where the rate of generation development was about 0.52. So the number of annual generations during 2012 was found to be 9.52 cycles in Qena governorate.
In Merssa-Matrouh
Data in Table 6 indicate that when the developmental zero (x) was 5.268°C and thermal constant (y) was 799.1 DDs, the life cycle duration was 104.6 days in February 2012 when the average temperature was 12.91°C; this decreased gradually in the following months where the minimum values of life cycle duration were recorded as 36.11 days in August 2012 at an average temperature of 27.4°C and then increased to 39.4 days during September 2012 with decrease of the temperature to 25.55°C. The longest duration was recorded in winter months (February, March, December 2012, and January 2013) where it reached to 104.6, 82.64, 75.74, and 95 .36 days when the monthly temperatures were 12.91, 14.94, 15.82, and 13.65°C, respectively. The average life cycle duration from February 2012 to January 2013 was 59.6 days when the mean annual temperature was 20.53°C and the number of annual generations was found to be 6.98 generations.
To determine the rate of annual generation development in Merssa-Matrooh during 2012, the formula of Jasic (1975) has been applied as mentioned above.
Analysis of the data presented in Table 7 indicates that expected the time of the first generation occurred on the day 19.86 of April 2012. This cycle passed through the remaining 10.14 days of April where the rate of generation development was 0.18; this cycle passed through May and extended till the first 8.226 days in the following month (June 2012) to attain 0.19 of generation and to complete the 2 nd generation cycle in the day 8.23 of June 2012. Again, the 3 rd cycle extended through the remaining 21.77 days within the same month where the rate of the 3 rd generation development was 0.51 and then extended through the first 17.88 day of July where the rate was 0.49 to complete the 3 rd generation in the day 17.88 of July 2013.
This phenomenon was continued until the end of January 2013, when the 7 th generation cycle was detected after 30.98 days of this month. So the number of annual generation in Merssa-Matrouh during 2012 was 7 generations. 
Discussion
The ecological studies showed that the rate of infestation rate by T. absoluta differs in different tomato strains and in different governorates as affected by environmental conditions. All different stages of T. absoluta presented the entire year seasons in the samples collected from tomato plants. This suggested that the insect emergence occurs throughout the year.
The climate change certainly affects the status of abundance of T. absoluta in the field. According to Zalom and Wilson (1982) , the rate of insect development is based on the accumulation of heat measured in physiological rather than chronological time. Zalom et al. (1983) reported that the thermal units provide a valuable tool for insect pest control, in forecasting infestations monitoring and timing of insecticide applications. Accumulated thermal units have been used to predict the seasonal development and emergence of various insects (Sevacherian et al. 1977; Farag et al. 2009) . So the present investigations can help in predicting T. absoluta annual generations and expected times of moth frequency in the field under current and expected future climate changes by using the relationship between the accumulated thermal heat units expressed as degree days and its population fluctuation in the experimental area.
Thus, the number of cycles of pupal development termination in the field can be calculated by dividing the heat required during a certain period by the thermal constant. Our results indicated that during 2012, the recorded mean annual temperature was 22.8°C and the pupation development rate can be repeated 36 times. This means that there must be successive emergence of the adults but with variations during the different months in correlation with temperature.
Our data clearly indicated that the cycles for the insect emergence occur throughout the year, and the first cycle of adult emergence extended through 20.82 days in February. The second cycle began in the remaining 8.18 days of February and extended through the first 9.98 days in the following month (March) to complete the 2 nd cycle. Again, the 3 rd cycle extended through within the same month. This phenomenon was continued until the end of January 2013, when the 36 th emergence cycle was detected after 22.41 days of January 2013. So the thermal constant of the pupal stage can serve as an approach to control this insect pest. Many trails carried out to estimate the role of thermal units in the prediction of the sequence of adult emergence of the insect pests in the field. This method was recommended in the prediction of the pest generation mathematically. This agrees with Hamdy (1990b) when used this method to determine the chemical control of Lepidosaphes pallida in appropriate time of crawler abundance in the field.
As already mentioned, variation in climatic conditions in different governorates certainly affects the insect development and it follows that insect generations will differ. Our results showed that the duration of the insect generation reared at 26.03°C was 38.49 days compared to 79.5 days when reared at 15.32°C. So the calculated developmental zero was 5.268°C and the thermal constant was 799.1 DDs. So the expected frequencies of annual generations were determined in three governorates, Giza, Qena (one of the largest cultivated tomato areas), and Merssa-Matrouh (along the Mediterranean coast). Ecological studies reported that variation of the recorded climatic conditions in all tested governorates (Giza, Qena, and Merssa-Matrouh) affected the biological aspects of the insect. So using Jasic's formula is a very important tactic for the prediction and calculation of the frequencies of the insect generation for selecting the best time with designing the effective methods for insect management. This approach has been adopted by previous authors with various insect species, e.g., Sevacherian et al. (1977) ; Farag et al. (2009) stated that accumulated thermal units have been used to predict the seasonal development and emergence of various insects. Vercher et al. (2010) reported 10-12 generations per year in South America. While Varges (1970) found 7-8 annual generations in Chile. In the Mediterranean basin up to 9 generations were observed in southern Italy (Sannino and Espinosa 2010) and 11-13 generations have been predicted under Egyptian open field conditions by applying a degree day accumulation model as mentioned by Abolmaaty et al. (2010) in their studies on the same insect pest. Hamdy (1990a) stated that the expected date for generations of the oleander scale, Aspidiootus hederae can be easily detected and help in designing a program for pest management.
Conclusion
The obtained data evaluated the effects of the change in climatic conditions, and the accumulated thermal requirements appeared to be a very critical factor affecting insect development to complete the annual generations of T. absoluta in Egypt. This helps in designing the effective program and the best time to manage this pest under field conditions. 
